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ABSTRACT 
1 
143yo 
Melted samples were s tud ied  by X-ray d i f f r a c t i o n  and meta l lograph ic  
techniques a f t e r  slow coo l i ng  from 1100" C. 
was found t o  e x i s t  over a very l i m i t e d  compositional range. V Ga e x i s t s  
i n  equi1 ib t l ium.wi th  e i t h e r  V Ga 
composition. The mic ros t ruc tures  o f  samples near 75 atomic percent  vanadium 
( V  Ga) were e s s e n t i a l l y  i d e n t i c a l  whether compositions were s l i g h t l y  
hypos to ich iomet r ic  or s l i g h t l y  hypersto ich iometr ic .  Both V Ga and the vanadium 
so l  i d  s o l u t i o n  a re  nonsuperconducting a t  4.2" K. 
I NTRODUCTI ON 
The superconducting V Ga phase 3 
3 
ai- a vanadium s o l i d  s o l u t j o n  depending on 
6 5  
3 
6 5  
The vanadium-gall ium (V-Ga) system i s  o f  p a r t i c u l a r  i n t e r e s t  because i t  
ccnialzs the  snperconducting compound V,Ga. I n  re ference 1, the c r i t i c a l  
f ie ld,Hc,at  0" K f o r  t h i s  compound i s  estimated t o  be i n  excess o f  500 
d 
oper t i es  o f  V Ga have been presented 
nformat ion i s  ava i lab le .  I n  a d d i t i o n  
and V Ga have been repor ted (see 
3 
2 5  
kl!ngauss.  Although superconduct iv i t y  p 
i n  the  1 i terature,  1 i t t l e  m e t a l l u r g i c a l  
t o  V Ga, the  compunds V Ga 
re fs .  2 t o  5 ) .  
3 
VGa, V6Ga5, 3 5 3" 
V Ga has a cubic  beta-tungsten type s t ruc tu re ,  and severa l  authors 
( re f s .  1, 6, and 7 )  have a l luded t o  the f a c t  t h a t  t h i s  compound e x i s t s  as a 
s o l i d  s o l u t i o n  over a wide compositional range (66 t o  80 atomic percent V).  
On t h e  o the r  hand, re ference 8 repor ts  a constant l a t t i c e  parameter f o r  V Ga 3 
1 
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w i t h i n  the composit ion range o f  75 t o  83 atomic percent  vanadium and the  
presence o f  a second phase i n  the mic ros t ruc ture  o f  such samples. These 
observat ions are  i n d i c a t i v e  o f  l i m i t e d  s o l u b i l i t y .  Reference 5 a l s o  repor ts  
1 im i ted  s o l u b i l  i t y  o f  approximately 0.5 atomic percent  a t  800" C. 
there  would appear t o  be some quest ion as t o  the t r u e  composi t ional  l i m i t s  
Thus, 
o f  the  V Ga phase. 3 
5 3  
V Ga i s  repor ted t o  be s t a b l e  only i n  
t o  1195" C ( re f .  5); however, nos t ruc tura l  
5 discusses a VGa phase w i t h  a s u p e r l a t t i c e  
the  temperature range from 935" 
nformat ion i s  a v a i l a b  e. Reference 
a-Fe structure,  w h i l e  reference 
4 repor ts  a V Ga 
composit ions o f  these phases and the  p o s s i b i l i t y  o f  ambiguous X-ray data, i t  
i s  not  p o s s i b l e  a t  t h i s  t ime t o  c l e a r l y  s t a t e  t h a t  these a r e  t w o  d i s t i n c t  
compounds. The V Ga compound i s  reported ( re f .  4) t o  have a te t ragonal  
c r y s t a l  s t r u c t u r e  ( i s o s t r u c t u r a l  w i t h  Mn Hg ) and t o  me l t  p e r i t e c t i c a l l y  a t  
1085" C. 
phase as hexagonal. Because o f  t h e  p r o x i m i t y  o f  t h e  6 5  
2 5  
2 5  
The o b j e c t i v e s  of  t h i s  i n v e s t i g a t i o n  were t o  obtai:! I n f o r s a t i o n  regarding 
t h e  s o l u b i l i t y  range of V Ga, t o  determine t h e  phases i n  e q u i l i b r i u m  w i t h  V Ga, 
and t o  a s c e r t a i n  the  presence o r  abseiizz z f  superconduct iv i ty  i n  these phases. 
To t h i s  end, composit ions were prepared by m e l t i n g  under an argon atmosphere. 
I n  an at tempt  t o  o b t a i n  e q u i l i b r i u m  structures,  a l l  samples were annealed a t  
1100" C f o r  1- hours and slow cooled, Chemical analysis, X-ray d i f f r a c t i o n  
pat terns,  and mic ros t ruc tures  were obtained f o r  each sample. Selected samples 
were t e s t e d  f o r  superconduct iv i ty  a t  4.2" K. 
3 3 
1 
2 
APPARATUS AND PROCEDURE 
The vanadium and g a l l i u m  used i n  t h i s  i n v e s t i g a t i o n  were i n  chunk form 
w i t h  p u r i t i e s  o f  99.83 weight percent vanadium and 99.99 weight percent gal l ium, 
- 3 -  
respect ive ly .  A l l  compositions were melted i n  y t t r i a - s t a b i l i z e d  z i r c o n i a  
boats. No evidence o f  a r e a c t i o n  between t h e  z i r c o n i a  boats and the charge 
was found. M e l t i n g  was accomplished i n  a tungsten res is tance furnace t h a t  
was f i r s t  evacuated t o  a pressure o f  m i l l i m e t e r  o f  mercury and then 
backf i 1 l e d  w i t h  h i g h - p u r i t y  argon t o  a pressure o f  500 m i  1 1  imeters o f  mercury. 
The charge was heated t o  a temperature where l i q u e f a c t i o n  appeared 
complete (1600 t o  1800" C depending on composit ion) as judged by v i s u a l  
examination through an o p t i c a l  pyrometer. The specimens were he ld  a t  the  
l i q u e f a c t i o n  temperature f o r  1/2 hour and then cooled a t  a r a t e  o f  approx i -  
mately 20" C per minute. The samples were then annealed under an argon 
1 atrnosphere a t  1100" C f o r  15 hours fo l lowed by a slow cool (20' C/min). 
Chemical analyses (both vanadium and g a l l  ium) and X-ray d i f f r a c t i o n  
p a t t e r n s  were taken o f  a l l  samples a f t e r  annealing. D i f f rac tometer  p a t t e r n s  
were taken a f t e r  g r  nding t h e  samples t o  -325 mesh powder. 
copper KG r a d i a t i o n  was used w i t h  a scanning speed o f  1/8" per  minute. 
constants were obta ned from the X-ray d i f f r a c t i o n  p a t t e r n s  us ing a l e a s t -  
square ana lys is  programed f o r  the 7090 computer. 
N i c k e l - f i l t e r e d  
L a t t i c e  
The superconduct iv i ty  r e s u l t s  were obtained from e l e c t r i c a l  r e s i s t i v i t y  
measurements (vo l tage drop technique w i t h  s e n s i t i v i t y  o f  v o l t )  a t  4.2' K. 
Microhardness measurements were made using a diamond indenter w i t h  a 100-gram 
load. The values are  repor ted as diamond pyramid hardness (DPH) numbers. 
RESULTS AND D I S C U S S I O N  
The composit ions inves t iga ted  are l i s t e d  i n  t a b l e  1. For samples 
c o n t a i n i n g  from 52.7 t o  74.8 atomic percent vanadium, the  on ly  phases 
present  were V Ga and V Ga. A l l  l i n e s  of  X-ray p a t t e r n s  could be ascr ibed 
t o  e i t h e r  V,Ga, o r  V2Ga w i t h  the V Ga l i n e s  increas ing i n  i n t e n s i t y  as the  
6 5  3 
U &  a 3 
e 
., 
atomic percent 
Vanadium Gal l ium 
51 49 
70 j o  
73 27 
75 25 
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a f t e r  me1 t i  ng f o l  1 owed 
by 1100" C j  1~ hour 
annea 1, 
atomic percent 
1 
Vanadium Gal 1 ium 
V Ga + V Ga 6 5  3 52.7 47.2 
69,4 30.6 V6Ga5 + V3Ga 
V Ga + V Ga 3 6 5  74.5 25.3 
V Ga + V Ga 3 6 5  74.8 25.1 
vanadium content increased. 
The sample conta in ing  52.7 atomic percent vanadium consis ted p r i m a r i l y  
o f  V Ga w i t h  a s m a l l  amount o f  V Ga present as a second phase. The micro- 
hardness o f  V Ga was measured as 1000 DPH. The chemical ana lys is  ind ica tes  
t h i s  sample i s  w i t h i n  the l i m i t s  reported f o r  V Ga 
presence of V Ga, however, ind ica tes  tha t  the  actual  composit ion o f  t h e  V Ga 
compound i s  less than 52.7 atomic percent vanadium. 
6 5  3 
6 5  
i n  re ference 4. The 6 5  
3 6 5  
TABLE 1. - SAMPLE COMPOSITIONS 
1 As-mixed composition, 1 Resul t ing composit ion I Phases present  
I 85 15 85.6 14.3 V-Ga s o l u t i o n  
The compound V Ga ( t h e o r e t i c a l  composition, 54.54 atomic percent vanadium) 
6 5  
has been p r e v i o u s l y  repor ted by two inves t iga tors  ( re fs .  3 and 4). I n  
re ference 4, i t s  composit ion i s  g iven as 54k2 atomic percent  vanadium; V Ga 
i s  repor ted  t o  be hexagonal w i t h  l a t t i c e  parameters o f  a. = 8.496k0.001 
angstroms and co = 5.174-10.001 angstroms. Whether t h i s  i s  t h e  same compound 
repor ted  i i i  reference 5 3s  VGa i s  not c l e a r  a t  t h i s  time. The X-ray r e s u l t s  
6 5  
II 
- 5 -  
+ 
o f  the  present  i n v e s t i g a t i o n  a re  i n  agreement w i t h  those o f  re ference 4; 
therefore,  the compound i n  the  v i c i n i t y  o f  50 atomic percent  vanadium i s  re -  
f e r red  t o  as V Ga i n  t h i s  paper. 6 5  
The m ic ros t ruc tu re  o f  the sample conta in ing  69.4 atomic percent  vanadium 
1 i s  shown i n  f i g u r e  1. An X-ray p a t t e r n  obtained from t h i s  sample a t  1127" C 
showed o n l y  V Ga 
detected. Upon coo l i ng  t o  room temperature, the  V Ga l i n e s  reappeared. These 
r e s u l t s  f a i l e d  t o  show the presence o f  any high-temperature phase such as 
and V Ga phases present, w h i l e  a t  1327" C o n l y  V Ga l i n e s  were 
6 5  3 3 
6 5  
V5Ga3 repor ted by reference 5. 
o f  f i g u r e  1 i s  t he  r e s u l t  o f  e i t h e r  a e u t e c t i c  o r  p e r i t e c t i c  r e a c t i o n  occu r r i ng  
Thus, i t  would appear t h a t  the m ic ros t ruc tu re  
between 1127" and 1327" C. The microhardness measurements i n d i c a t e  t h a t  the  
w h i t e  phase o f  f i g u r e  1 i s  V Ga. 
which was i d e n t i c a l  t o  t h a t  measured f o r  V Ga (discussed below). 
This phase e x h i b i t e d  a hardness o f  920 DPH, 3 
3 
As mentioned i n  the  INTRODUCTION, there  a re  c o n f l i c t i n g  views i n  the  l i t e r -  
a tu re  regard ing  the  s o l u b i l i t y  l i m i t s  o f  t he  V Ga phase. Attempts t o  o b t a i n  
s ingle-phase V Ga samples i n  t h i s  study were unsuccessful. Samples con ta in ing  
74.5? 74.8, 76.2, and 77.0 atomic percent vanadium were examined, and none o f  
3 
3 
these were single-phase mater ia ls .  Typical  m ic ros t ruc tu res  o f  samples near tne  
s t o i c h i o m e t r i c  composi t ion a r e  shown i n  f i g u r e s  2 and 3. A comparison o f  f i g u r e s  
2 and 3 revea ls  t h a t  e s s e n t i a l l y  the  same m ic ros t ruc tu re  r e s u l t s  regard less 
o f  whether the  composi t ion i s  s l i g h t l y  hypos to ich iomet r ic  (atomic percent  vanadium 
< 75, f i g .  2) o r  hypers to ich iomet r ic  (atomic percent  vanadium > 75, f ig .  3). 
Evidence o f  a second phase i s  o f f e r e d  i n  , f i gu re  4. This e l e c t r o n  photograph of  
t he  74.8 atomic percent  vanadium sample magni f ied 14,000 t 
the  p a r t i c l e s  o f  a second phase. 
High-temperature X-ray pa t te rns  were  obta ined us ing  a he: 
1 
mes d e f i n i t e l y  shows 
i;z atmosFhere. 
* 
- 6 -  
Quenching o f  near -s to ich iomet r ic  samples from the  anneal ing temperature 
o f  1100" C resu l ted  i n  e s s e n t i a l l y  the same microst ructure,  a l though a somewhat 
f i n e r  d i s t r i b u t i o n  resu,lted. Reference 5 a l s o  shows a second phase present  i n  
near -s to ich iomet r ic  compositions quenched from 800" C. However, the d i s t r i b u t i o n  
o f  the  second phase d i f f e r s  from t h a t  shown i n  f i g u r e s  2 and 3. This d i f f e r e n c e  
may be due t o  the lower temperature and long anneal ing times (800 h r )  used i n  
re ference 5. 
X-ray d i f f r a c t i o n  o f  these near -s to ich iomet r ic  compositions showed V Ga 
3 
6 5  t o  be the  major phase present. 
l i n e s  were i d e n t i f i e d  i n  the X-ray pa t te rs ;  w h i l e  a t  hypers to ich iomet r ic  
compositions, vanadium l i m s  were present. 
For hypos to ich iomet r ic  compositions, V Ga 
The l a t t i c e  parameter o f  V Ga a l s o  remained constant  a t  4.8165+0.0015 
3 
angstroms fo r  both hypos to ich iomet r ic  and hypers to i ch iomet r i c  compositions. 
This i s  i n  agreement w i t h  the value given i n  re ference 8 o f  4.816+0.002 angstroms. 
The constancy o f  the  l a t t i c e  parameter observed here, the i d e n t i f i c a t i o n  o f  
second phases as e q u i l i b r i u m  phases (e i t he r  V Ga o r  vanadium), a x !  the chsrac ter -  
6 5  
a l l  suggest t h a t  
rsz -  3" M i  crohardness 
( V  Ga) gave a va lue 
3 
i s t i c  mic ros t ruc tures  o f  near -s to ich iomet r ic  compositions 
s ingle-phase V Ga e x i s t s  over a very l i m i t e d  compositlena 
measurements o f  the l i g h t  m a t r i x  phase o f  f i g u r e s  2 and 3 
o f  920 DPH. 
3 
A sample con ta in ing  85.6 atomic percent vanadium was examined m e t a l l o g r a p h i c a l l y  
and by X-ray d i f f r a c t i o n  and found t o  be a s ingle-phase vanadium s o l i d  so lu t i on .  
The l a t t i c e  parameter o f  t h i s  s o l i d  s o l u t i o n  i s  3.038 angstroms compared t o  
3.028 angstroms f o r  pure vanadium ( re f ,  9). 
The sample conta in ing 77.0 atomic percent  vanadium d e f i n i t e l y  contained 
V,Ga i n  a d d i t i o n  t o  the vanadium s o l i d  so lu t ion .  
sample (Table I )  suggests t h a t  some contaminat ion has occurred. Subsequent 
The chemical ana lys i s  o f  t h i s  
J 
4 
~* 
~ 
IC 
ana 1 ys  i s revea 1 ed approxi i  
76.2 atomic percent vanad 
so l  u t  ion. 
- 7 -  
a t e l y  1 weight percent oxygen. The sample con ta in ing  
um a l s o  cons is ts  o f  V Ga and the  vanadium s o l i d  3 
SUPERCONDUCT I V I TY MEASUREMENTS 
The sample con ta in ing  52.7 atomic percent vanadium ( p r i m a r i l y  V Ga ) 
was tes ted  for  superconduc t i v i t y  a t  4.2" K and found t o  be normal. Reference 
4 reported V Ga t o  be normal t o  2. 1" K. 
6 5  
6 5  
The sample con ta in ing  85.6 atomic percent vanadium was a l s o  tes ted  and 
found t o  be normal a t  4.2" K. This  r e s u l t  i nd i ca tes  t h a t  t he  c r i t i c a l  temperature, 
T o f  vanadium i s  lowered more than 1 "  K by the a d d i t i o n  o f  14.3 atomic percent  
g a l l i u m  in solut ion,  based on a 
( r e f .  IO). 
C )  
o f  5.3" K repor ted  f o r  pure  vanadium 
TC 
These r e s u l t s  i n d i c a t e  t h a t  the phases i n  e q u i l i b r i u m  w i t h  V Ga a r e  normal 3 
a t  4.2" K. Therefore, f o r  near-s to ich iometr ic  composit ions a t  4.2" K, the 
K i c r o s t r n c t u r e  cons is t s  o f  superconducting V Ga con ta in ing  p a r t i c l e s  ofknonsuper- 
conduct ing second phase. These p a r t i c l e s  a re  genera l l y  o f  a continuous na tu re  
as opposed t o  i s o l a t e d  p a r t i c l e s  ( f i g s .  2 t o  4), and as such govern the s i z e  o f  
the  superconducting V Ga paths. 
t he  o rde r  o f  2000 t o  5000 angstroms wide have been observed i n  connect ion w i t h  
t h i s  study. C r i t i c a l  f i e l d  enhancement by decreasing the dimensions o f  the  
superconducting phase has been obtained i n  aluminum-lead composites ( re f .  1 1 )  
and a niobium-thorium e u t e c t i c  a l l o y  ( re f .  12). I n  t h e  case o f  V Ga, c o n t r o l  
o f  t h i s  dimension by heat treatment and/or composi t ional  v a r i a t i o n s  might o f f e r  
a means of maximizing c r i t i c a l  f i e l d s .  
0, 
3 
Struc tures  w i t h  the  V Ga continuous pa th  o f  3 3 
3 
. - 8 -  
SUMMARY OF RESULTS 
The f o l l o w i n g  are the major r e s u l t s  o f  t h i s  i nves t i ga t i on :  
1. The V Ga phase e x i s t s  over a very l i m i t e d  composit ional range near 3 
the s t o i c h i o m e t r i c  composition. 
2. The phases coex is t i ng  w i t h  V Ga a t  room temperature a re  V Ga f o r  
3 6 5  
hypos to ich iomet r ic  compositions and vanadium w i t h  g a l l i u m  i n  s o l i d  s o l u t i o n  
f o r  hypers to i ch iomet r i c  compositions. 
3. Both V Ga and a vanadium s o l i d  s o l u t i o n  con ta in ing  14.3 atomic 
6 5  
percent  gal  1 ium a re  normal a t  4.2' K. 
4. The m ic ros t ruc tu ra l  appearanceJof s l  i g h t l y  hypos to ich iomet r ic  and 
hypers to i ch iomet r i c  compositions a r e  e s s e n t i a l l y  i den t i ca l ,  w i t h  a second phase, 
e i t h e r  V Ga 
i n  the  V Ga matrix. 
o r  ga l l i um saturated vanadium, present  as p r e c i p i t a t e  p a r t i c l e s  6 5  
3 
- 9 -  
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Figure 1. - Microst ructure of sample containing 69.4 atomic percent 
vanadium. V3Ga (white) t V6Ga5. Etchant, 4H20-3HN03-1HF; X100. 
Figure 2. -Microst ructure of sample containing 74.8 atomic percent 
vanadium. Primary pnase, v3Ga iwi i i ie i ;  jeioiida;j? phasc, ?' c2-  b""Y 
Etchant, 4H20-3HN03-1HF; X250. 
Figure 3. - Microstructure of sample containing 76.2 atomic percent 
vanadium. Pr imaty phase, V3Ga (white); secondary phase, V-Ga 
solution. Etchant, 4H20-3HN4-1HF; X250. 
Figure 4. - Electron micrograph of sample containing 74.8 atomic percent 
vanadium. Primary phase, V3Ga matrix; second phase, V6Ga5. X14, OOO. 
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